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Executive Summary
The primary goal for the impurity tests performed at SRS was to determine the maximum level of volatile impurities that can be accommodated into the ceramic form without significantly affecting product mineralogy or reducing product density. The chemical durability of the ceramic is dependent upon the durability and amount of the phases that make up the form. The apparent porosity determines the true surface area of the form and may influence the durability. Volatiles expected in the Pu feeds can be classified into three basic categories:
q Oxides (e.g., PbO, W03, and ZnO) q Chlorides (e.g., NaCl, KC1, and CaC12) q Fluorides (e.g., Cal?z and MgF2)
The mineralogy of the pyrochlore based ceramic form is tolerant of a broad range of impurities. Fifteen volatile impurities were added individually and concurrently to the form composition. In the actinide compositions that were made with cerium as a surrogate for plutonium, there was no x-ray diffraction evidence of objectionable quantities of secondary phases. Densification, as measured by apparent porosity, was significantly affected by eleven of the fifteen impurities. Sodium chloride was the only compound to significantly decrease the porosity of the ceramic. Additions of MgC12, ZnC12, MgF2 and CaF2 had no discernible effect on the density of the form. The apparent porosity of the ceramic form is somewhat sensitive to multiple impurity additions. Several two-factor interactions were significant in either increasing or decreasing the apparent porosity of the ceramic. However, there was not enough data collected for definitive conclusions. The lack of a simple "cause and effect" may be due to the complexity (fifteen impurities in each composition) of the system being studied. In this study, apparent porosity is used as an indication of sintering effects. The apparent porosity is correlated to the shrinkage associated with sintering and will be reflected in the final dimensions of the ceramic form.
Introduction
The focus of the Product Control Model (PCM) development task is to develop the methodology used to ensure that the ceramic fabrication process will yield an acceptable product as specified in Reference 1.
In FY99, a series of samples were made to further understand the effects of impurities on the characteristics of the ceramic product. These samples were tailored to determine partitioning coefficients of the impurities in the major phases and to determine cumulative or combined effects of impurities on stabilizing major, minor, and trace phases in the ceramic.
The impurity tests were divided into three basic areas:
q Demonstration of impurity equivalence or near equivalence, . Saturation of impurities to form minor constituent phases, and . Determination of the effect of volatile impurities.
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Revision: O The primary goal for the impurity tests performed at SRS was to determine the maximum level of volatile impurities that can be accommodated into the ceramic form without significantly affecting product properties or reducing product density. The chemical durability of the ceramic is dependent upon the durability and amount of the phases that make up the form. The apparent porosity determines the true surface area of the form and may influence the durability. Volatiles were separated into three categories based on anticipated Pu feed stream compositions:
q Oxides (e.g., PbO, W03, and ZnO) . Chlorides (e.g., NaCl, KC1, and CaClz) . Fluorides (e.g., Cal?z and MgFz) Ceramic pellets using the baseline (AO) composition, as well as other compositions, were produced with predetermined levels of impurities expected in the plutonium feed stream. The pellets were evaluated to determine the effects of the volatile impurities on the mineralogy and ap arent porosity of the waste form. The volatility subtask was conducted in Y two major phases. The first phase evaluated each impurity separately in the waste form. The second phase implemented an experimetital design to determine the effect of multiple impurities and the potential interactions on the properties of the waste form.
Discussion
Phase I of the volatile species subtask was planned to evaluate the effect of each impurity on the properties (apparent porosity and phase assemblage) of the ceramic form. The category of volatile impurities has been fhrther divided into the three categories of oxides, chlorides and fluorides. Table I is the impurities used for this study and the materials used to represent them. The samples, prepared using cerium as a surrogate for both uranium and plutonium, were petiormed as scoping tests to determine the best methodology for sample preparation, handling and analysis. After the experimental parameters were defined, the tests were repeated for each composition using uranium. Phase II consisted of developing an experimental design that considered the appearance of more than one impurity being present and evaluated the influence of potential interactions among the impurities on the mineralogy and the apparent porosity of the ceramic form. The materials handling and processing aspects of the experiments were previously determined in Phase I. Additional Phase II work included production of a select subset of large AO/Ce/s pellets. These pellets were made to determine the effect of scale on the impurity effects and production of the most problematic impurity compositions as determined by the AO/Ce/U impurity matrix. Finally, a few select compositions were fabricated with plutonium and uranium to correlate the surrogate testing with actual actinide chemistries.
The Quality Assurance Program followed in this study is detailed elsewhere. Phase I experiments were performed using good laboratory practices (e.g., well documented lab notebooks, calibrated equipment, and qualified personnel. Phase II experiments were conducted in accordance with DOE/RW-0333P Quality Assurance Requirements.
Experimental
Phase I
The compositions and the amounts of impurities examined were set based on the history of the plutonium feedstockl. Table II lists the three compositions that were used in Phase I of the impurity study. AO is the baseline formulation and targets the prefemed composition. The "Cc" designation indicates a ceria substitution for plutonium oxide on a molar basis. The AO baseline composition with uranium was also produced using thorium as the surrogate for plutonium. This was done to eliminate any oxidationh-eduction effects that may be introduced by cerium.
B3-7 is a compositional extreme that targets a 50'XO/50'XO pyrochlore/zirconolite phase assemblage and uses ceria as a surrogate for plutonium oxide on a molar basis. B3-8 is a compositional extreme that targets a 50°/0/500/0 pyrochloreha.nnerite phase assemblage and, like B3-7, uses ceria as a surrogate for plutonium. These compositions were the base compositions to which the impurities were added. Since the precursor materials are premixed and metered in based on the plutonium concentration of the feed, It is unlikely that the composition of the ceramic form will vary substantially from the projected baseline composition.
3
It is expected that the range of occurrence of any of the impurity materials will range from O -0.6 moles of impurity per mole of plutonium. This range of occurrence was used as the basis for adding 0.6 moles impurity per mole plutonium for this study. For the fwst part of Phase I, ceriurn was also used as a surrogate for uranium. These samples were identified by an "/s" appended to the label.
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Revision: O The base powders were produced by weighing out the prescribed amounts of batch material to produce the molar compositions in Table II. Table III is the weight percent of the materials for each of the three compositions. The batched powders (precursors + Ce02) were poured into a polypropylene bottle that was filled halfivay with one-quarter inch cylindrical calcium-stabilized zirconia grinding media (Ca-PSZ). Enough water was added to the powder/Ca-PSZ media to produce a thin slurry. The slurry was milled -20 hr on a roller mill. After milling, the slurry was poured through a coarse screen into a glass beaker to separate the slurry from the grinding media. Any remaining slurry was rinsed fi-om the media into the beaker with distilled water. The slurry then was dried until no moisture was retained. The dried cake was crushed and then forced through a 40 mesh (420pm) sieve. The <420pm powder WaS placed in a shallow alumina tray and calcined at 750 "C for 1 hr. After cooling, the calcined powder was stored for fbtdre use*. For each of the three base compositions, three pellets for each of the fifteen impurities added individually in each composition were pressed. Three pellets were also made with no impurities added to provide a reference apparent porosity and x-ray diffraction pattern for * The significant variation from the baseline process was necessary to intimately mix the Ce02 with the precursors as use of an attritor mill was not practical for the batch size used.
WSRC-TR-99-O0479 Revision: O each base composition. This resulted in 48 pellets for each of the three base compositions (3 pellets x (15 impurities+ 1 base)).
To make three pellets with a single impurity, 6.5 grams of the base powder was weighed out and set aside. The amount of the impurity was calculated from the mole percent ceria as plutonium oxide in Table I (0.6 moles impurity per mole ceria). A small amount of the base powder was co-ground with the impurity using an agate mortar and pestle. The mixed/ground powders were added back to the remnants of the 6.5 grams of base powder and mixed on a roller mill for approximately ten minutes. The mixed powder was divided and used to press three pellets (-2 grams each). The pellets were sintered by heating at 5 OC/min to 1350"C and holding for 4 hr in an air atmosphere. An yttria stabilized zirconia foam board was used as the setter material for sintering. The apparent porosity was determined for all pellets using the Archimedes method*. The mineralogy was determined for one pellet from each impurity composition using x-ray diffi-action. In these ceramics, x-ray diffraction can detect phases that are present in quantities as low as three volume percent. For all phases of interest, only the actinide oxide (Pu,U02) is a concern near the detection limit. Pellets that were not consumed for XRD analysis were archived for fiture use.
Phase II
Baseline powders for Phase II were prepared in the same manner as the powders used in Phase I. In Phase U, however, only the AO/Ce/s (Ce-Ce) and AO/Ce (Cc-U) compositions were used for impurity additions. A request was issued to the Savannah River Technology Center (SRTC) Statistical Consulting Section (SCS) for an experimental design that would evaluate the influence of the impurities on the density (porosity) and the mineralogy of the baseline compositions, Appendix A. The SCS document "Test Matrix for Volatile Impurity Study in Support of the Pu Immobilization Task (U)", Appendix B, provided a compositional matrix. In addition to the 45 compositions specified by the SCS document, the centroid composition was added in triplicate. The centroid composition was 0.6/15 mol of each of the fifteen impurities. One of these replicates was batched as a triple size batch. This resulted in 48 impurity compositions numbered O-48. The reference composition with no impurities was number zero. The centroid replicates became composition numbers 16 (triple batch), 32 and 48. These additional compositions served several purposes. First, the production of a centroid composition with each sintering batch could quanti~the variations associated with batching chemicals. Second, pellets from the large centroid batch could quantify the variations associated with pressing and sintering. Lastly, the centroid composition adds another data point for analysis. These tests were repeated using 0.8 moles of impurity per mole of plutonium (Cc). The relative amounts of the impurities remained the same and the subsequent pellets were numbered 49-96. Only the 0.8 moles impurities per mole plutonium (Cc) pellets were produced with the AO/Ce/U base composition. To maintain consistency, the pellets made with AO/Ce/U were also numbered 49-96. WSRC-TR-99-O0479 Revision: O In addition to the pellets produced above, large AO/Ce/s pellets were produced fi-om three of the potentially most problematic compositions as determined by apparent porosity. Impurity compositions with 0.8 moles impurities per mole plutonium (Cc), were each admixed to 115 g of the AO/ce/s baseline. Each composition resulted in one 2.125 in diameter green pellet. The pellets were sintered as all the previous pellets and density and mineralogy were determined.
The impurity compositions were batched and added to the base powders in the same manner as in Phase I. The exception to this method was for the two compositions that were produced in the glovebox using plutonium. In this case, the precursor materials were wet milled with the impurities. The precursor/impurity mix was not calcined. This was done to eliminate the chance that part or all of the impurities would volatilize during the calcination step. The product was inserted into the glovebox and the U02 and PU02 were added. The U02 was not calcined before use. The apparent porosity and mineralogy of small pellets are not sensitive to the initial oxidation state of the uranium3. The resulting batch was milled for approximately eight hours. The slurry was screened to remove the grinding media and dried on a hot plate. The resulting cake was crushed and forced through a 40 mesh sieve. The powder was pressed into pellets and sintered as before. Density was measured geometrically and one pellet was submitted for XRD analysis. Relative phase abundance was determined by comparing the intensity of the primary peak for each of the phases to that of the intensity of the main pyrochlore peak. The main peak of the zirconolite phase is masked by the main pyrochlore peak. Therefore, the abundance of zirconolite was determined by comparing the intensity of a secondary peak at 31.2°26 to a pyrochlore peak of similar expected intensity at 30.5°2e.
Results
Phase I
Non-Radioactive
Archimedes density was performed on all of the non-radioactive samples. Table IV is the average density and apparent porosity of three pellets for each composition. The apparent porosity is a better tool for comparison because of the different densities of the impurities but and because the phase assemblage and the quantity of each phase vary for all of the impurities. Most of the impurity pellets made with the AO/Ce/s composition had apparent porosities similar to that of the reference pellets. Additions of either K20 or P205 slightly increased the apparent porosity. Pellets made with M003 and W03 using the B3-7s base composition produced pellets with an average apparent porosity of 25.7°/0 and 11.23°/0 respectively. The amount of impurity was then reduced to 0.3 and 0.4 moles impurity per mole plutonium for M003 and 0.4 and 0.5 moles impurity per mole plutonium for W03. Following the decrease in impurity concentration, the apparent porosity for these pellets decreased to less than ten percent. Pellets made with PbO and P205 had apparent porosities noticeably greater than the reference pellets for the B3-8s composition. A!U!2&. X-ray diffraction analysis was performed on one pellet fi-om each of the impurity compositions. A pellet with no impurities also was analyzed to provide a reference. Table V is the phases determined by XRD and the relative abundance of each phase for the AO/Ce/s composition. The reference composition was determined to be primarily pyrochlore with trace quantities of perovskite and rutile. Additions of MgC12,MgF2, ZnO, Na20, K20, . P205 or ZnC12 resulted in the formation of additional phases. b the instance of a Na@ addition, abundant amounts of an unfavorable phase (perovskite) were formed. The formation of significant amounts of perovskite was not the case with a NaCl or a KzO addition as might be expected. In the M003 impurity sample, trace amounts of unreacted ceria were observed. The presence of ceria can be related to the unreacted or undissolved actinides that have been described as appearing in pellets made with plutonium and uraniurnl.
7
B&W Table VI shows the phases determined by XR.D and the relative abundance of each phase for the B3-7s composition. The reference composition is primarily pyrochlore and zirconolite with trace quantities of perovskite and rutile. Additions of MgC12, MgF2, NaCl, ZnO, Na20, K20, P205 or ZnC12resulted in the formation of additional phases. All of the additional phases formed were previously identified as a potential phasel. These additional phases appeared in amounts deemed acceptable.
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I&&&. Table VII is the phases determined by XRD and the relative abundance of each phase for the B3-8s composition. The reference composition is primarily pyrochlore and rutile. Additions of ZnO, NazO, P205 or ZnC12resulted in the formation of additional phases. Measurable amounts of unreacted ceria were observed in the B203, CaF2, and M003 impurity samples.
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Archimedes density was performed on all of the samples. Table VIII is the apparent porosity of three pellets for each composition. The apparent porosity of impurity pellets made with the AO/Ce/U composition measurably increased with additions of B203, KC1, M003, WOS, PbO, NaOH and P205. Additions of B203 and P205 resulted in apparent porosities that were significantly higher than the other impurity pellets. The other impurities either did not effect, or caused only a small increase in the apparent porosity. A similar response to impurity additions was observed in pellets made with the AO/Th/U base composition. Only the W03 and the PbO samples exhibited significant differences in apparent porosity. No further testing in this subtask will be performed using Th02. In the pellets made with the B3-7 base composition, additions of B203, M003, and P205 measurably increased the apparent porosity of the pellets. M003 was the only impurity that increased the apparent porosity to a level greater than ten percent. The other impurities either did not effect, or caused only a small. increase in the apparent porosity. The B3-8 composition was affected by a greater number of impurities than either of the AO or the B3-7 compositions. Additions of B203, CaF2, KC1, NaCl, M003, PbO, NaOH, KOH and ZnC12 measurably increased the apparent porosity. B203, KC1,NaCl, M003, KOH and ZnC12all caused the apparent porosity of the pellets to be greater than ten percent. The other impurities either did not effect, or caused only a small increase in the apparent porosity. After sintering, pellets made with KC1 and KOH disintegrated overni@ in air. There is no current explanation for thk behavior. Future impurity studies will consider this potential phenomenon when evaluating pellets.
Revision: O AQLCh. Table x is@ phases determined b~and the relative ab~d=e of each phase. The reference composition is primarily pyrochlore with significant quantities of brannerite. Additions of MgC12, ZnO, NazO, K20 or ZnC12 resulted in the formation of additional phases. However, all of the phases formed were in the acceptable range of abundance from Reference 1. As with the apparent porosity, the mineralogy of the impurity samples made with thorium as the plutonium surrogate behave similarly to the samples made with cerium as the plutonium surrogate. Table XI is the phases determined by XRD and the relative abundance of each phase. This composition was designed to provide equal amounts of pyrochlore and zirconolite. In the reference composition, the secondary peak used to detect zirconolite in the presence of pyrochlore is of a relatively low intensity. This indicated that pyrochlore is formed preferentially over zirconolite when cerium is substituted for plutonium. Additions of either B203 or P205 resulted in the suppression of the zirconolite phase. The presence of M003, W03, ZnO, PbO and P205 induced the formation of measurable quantities of brannerite. However, all of the phases formed were in the acceptable range of abundance from Reference 1.
B&S. Table HI is the ph=es determined by XRD and the relative abundance of each phase. Pellets made with the reference composition (no impurities) were mostly pyrochlore with significant amounts of brannerite. Trace amounts of perovskite were also detected in the reference pellets. Additions of CaC12, CaF2, NaCl, NaOH, and KOH resulted in the elimination of the brannerite phase. As with all of the previous impurities and base compositions, all of the phases formed were again in the acceptable range of abundance from Reference 1.
Revision: O &ctimedes density wasperfomed onallofthe non-radioactive samples. Table XIII is the average density and apparent porosity of three pellets produced with 0.6 moles impurity per mole plutonium (Cc) for each of the 48 batches. In the table, "TBE" is the impurity composition from Appendix B and "Sinter" is the grouping of the sintering cycles. In the case of composition Irnpurity-16, pellets that were sintered in different sintering cycles were appended with "a," "b," and "c." At 0.6 mole impurity per mole plutonium (Cc), for each impurity composition, the apparent porosity was similar to that of the baseline reference pellets. Table XIV is the XRD results for one pellet of each composition. The intensity of the most discernible peak of each phase was normalized to the intensity of the largest pyrochlore peak. The percentage given for each of the phases therefore does not indicate the specific amount of the phase that has been detected. As stated previously, the main zirconolite peak near 30°29 is masked by the primary pyrochlore peak so a secondary peak was used to determine relative intensities. The main interest in Phase II is the relative effect of the combination of impurities on the formation of the individual phases. Therefore, the normalized intensity of the zirconolite peaks, while not providing the absolute amount of zirconolite present, provides a value for sample-to-sample amounts of zirconolite to pyrochlore.
comparisons of the relative WSRC-TR-99-O0479 Revision: O Perfunctory appraisal of both the apparent porosity and the phase assemblage oftie impurity matrix pellets indicate that 0.6 moles of impurity per mole of plutonium (Cc) may be a conservative estimate of the ability of the ceramic form to accommodate impurities. Table  XV is the average density and apparent porosity of impurity pellets made with 0.8 moles of impurities per mole plutonium (Cc). As with the previous series of pellets, the apparent porosity was not noticeably affected by any combination of the impurity mixtures attempted. Only sample Impurity-82 (TBE composition 32) showed any indication of an adverse effect. The sample had maximum potassium levels. The remaining fourteen impurities were present in equivalent amounts. All of the pellets of that composition had broken. This may have caused poor measurement of the porosity and been the result of poorly fabricated pellets. There is also the possibility that the pellet fracture was due to a disagreeable impurity composition. Pellet integrity problems (disintegration) were observed in potassium impurity pellets in the single impurity addition series. Enough of the baseline AO/Ce/s powder remained to produce three large pellets(115 g, 2.125 in diameter). Three compositions, Impurity-57, -84 and -89 were selected to produce the large pellets. These compositions correspond to TBE-9 (maximum B203, high M003 and high pzo~), TBE-J4 (mW&31Um p@S and high B@3), md TBE-J9 (maximum Mo03 and high P205), respectively. Figure 1 is a photograph of the three large impurity pellets. The pellets displayed blisters from the impurity interactions as well as interactions with the zirconia setter material. However, discoloration and blistering are not necessarily indications of high porosity or mineralogy instability. Table XVII is the density and the apparent porosity for the large pellets of the three compositions produced.
yttria-WSRC-TR-99-O0479 Revision: O Density results for compositions NRP-AO-57 and NRP-AO-84 showed a slight increase in the apparent porosity in larger pellets when compared to smaller pellets of the same composition.
In the NRP-AO-89 large pellet, the apparent porosity was more than two times greater than that of comparable smaller pellets. However, only one large pellet was produced for each composition and this may not truly represent the behavior of the composition. XRD results indicated that scaling does not appear to affect the mineralogy of the impurity pellets. All three compositions resulted in pyrochlore as the primary phase, with minor amounts of rutile, and trace quantities of perovskite. NRP-AO-84 may have also contained a vitreous phase. This composition is rich in phosphorus with elevated amounts of boron and fluorine.
Actinide
Archimedes density was performed on all of the actinide samples made with uranium. Table  XVIII is the average density and apparent porosity of three pellets produced with 0.8 moles impurity per mole plutonium (Cc) for each of the 48 batches. Several of the impurity compositions resulted in pellets with an average apparent porosity greater than ten percent. Four of the impurity compositions possessed an apparent porosity above twenty percent and three other compositions had apparent porosity above thirty percent. A statistical analysis of the effect of the impurities on the appagent porosity and the amount of phases other than pyrochlore was performed. The responses of interest are the apparent porosity and the phase assemblage. Standard models and analysis techniques for mathematically independent variables carI be used to study the data from mixture-amount experiments such as this impurity study. 4 The stepwise regression platform of JMI@ was used to select a subset of effects for modeling each response as a function of the fifleen impurities. This subset was selected from a set of candidate effects that included each individual impurity ties and each pair-wise interaction (i.e. 121 candidate terms including the intercept). No theory associated with porosity or phase assemblage was used to guide the selection of terms to model. With this approach, the significant levels on the statistics for the resulting models are somewhat questionable since the statistical testing is not being conducted within the fiarnework of a fixed model. However, the stepwise regression approach has been of practical use for over 30 years in helping trim out models to predict many kinds of responses.5 Table XX is a summary of the stepwise regressions in the form of groupings of the effects as ""increasers"or "decreases" of apparent porosity. Table XXI is a summary of the stepwise regressions in the form of groupings of the effects as "increasers" or "decreases" of the phases investigated. Two of the compositions, Impurity-84 and -89, were produced using the AO baseline composition (Pu and U). Three pellets of each composition were pressed and sintered as in the previous small pellets. Figure 2 is a photograph of an Impurity-89 and an Impurity-84 pellet with an AObaseline pellet for comparison. Significant cracking was observed in all of the impurity pellets made with plutonium. However, none of the cracking was serious enough to cause spalling. Although the pellets remained monolithic, Archimedes density was forgone in favor of geometric density to preserve the integrity of the pellets for potential fhture performance testing. Table XXII is the average bulk density determined by geometric measurements and the average percent shrinkage of the plutonium bearing impurity pellets.
As with all previous experiments with elevated levels of molybdemq densification was limited resulting in a high apparent porosity relative to other compositions. The pellets made with maximum levels of phosphorus resulted in lower porosities than previously observed with this composition. The lower porosity may be due to enhanced mixing that is part of the plutonium pellet fabrication in a glovebox. Phosphorus pentoxide can be difficult to admix with dry powders to produce a homogeneous product and can lead to spurious results. X-ray diffi-action analysis of the two impurity compositions revealed similar results. In both cases, the primary phase was pyrochlore with minor amounts of brannerite and rutile. Impurity-84 also showed trace amounts of zirconolite. Evidence of the vitreous phase detected in the non-radioactive Impurity-84 composition was not present in the plutonium bearing pellet of the same composition.
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Conclusions
Phase I
In Phase I of the study, fifteen volatile impurities were individually added to the baseline ceramic form composition, AO, and two compositional extremes, B3-7 and B3-8.
Non-Radioactive
The apparent porosity of the all three compositions was only slightly sensitive to single impurity additions. Additions of M003 and W03 raised the porosity of B3-7s above ten percent. Additions of PZOSto B3-8s had a similar effect. The influence of impurity additions to the apparent porosity of the AO/Ce/s composition was not statistically significant.
In the AO and B3-7s compositions, unacceptable amounts of perovskite were present in pellets made with NazCOs. All other phases present were in acceptable amounts as described in Reference 1. In the B3-8s pellets, no brannerite was observed either in the reference composition or in any of the impurity compositions. The brannerite phase does not readily form with cerium as the surrogate for uranium.
Actinide
The apparent porosity of the three base compositions made with cerium and uranium and one with thorium and uranium was influenced by impurities more than their non-radioactive counterparts. This may be due in part to the differences in phase assemblage produced when actinides are used. The non-radioactive pellets, along with pyrochlore as the primary phase, contained zirconolite and perovskite. The pellets made with actinides usually had brannerite as a recurring phase (pyrochlore is the primary phase) with reduced amounts of zirconolite and little or no perovskite.
Many of the impurities increased the apparent porosity of several of the compositions above ten percent. Most notably B203, P205 and MOOSgreatly increased the apparent porosity of the base compositions. When potassium was added to the B3-8 composition as either the chloride or the hydroxide the sintered pellets disintegrated afler setting out for several hours. This was not the case with other chloride and hydroxide compounds nor was it a problem in other base compositions.
All four of the base compositions tested with impurities resulted in phase assemblages and abundance within the acceptable range in Reference 1. The only uncommon observance was the drastic reduction in brarmerite in the AO/Ce composition with potassium as KOH.
Phase 11 In Phase II of the study, fifteen volatile impurities were added to the baseline ceramic form composition, AO, in varying ratios that totaled either 0.6 or 0.8 moles of impurities per mole of plutonium (Cc).
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Non-Radioactive
The non-radioactive baseline composition, AO/Ce/s, was relatively unaffected by mixtures representing both 0.6 and 0.8 moles of volatile impurities per mole of plutonium (Cc). The highest apparent porosity measured in the 96 compositions was less than ten percent (7.23%, Impurity-82, TBE-32). Similarly, the XRD results showed no significant variahce from the reference mineralogy.
When select pellets were scaled up to -115 g, a significant increase in apparent porosity was noted in one composition, Impurity-89 (TBE-39). The main impurity in the Impurity-89 composition is M003. X-ray diffraction analysis of the large pellets indicate that a vitreous phase may be present in the Impurity-84 composition which contains the study's maximum quantities of phosphorus and elevated quantities of boron and fluorine. No crystalline phosphate phase was detected by XRD. When other glass formers such as silica and boron are present, the phosphorus partitions preferentially into the vitreous phase over crystalline phase.
Actinide
The results from the statistical analyses performed suggest rather complex behavior in the modeling of these responses as fimctions of these possible impurities. There appear to be significant interactions among these impurities that affect the apparent porosity and the phase assemblage of these compositions. However, the data available are not sufficient for a definitive assessment as to the importance of all possible pairs of interactions.
Future work will concentrate on identifying two factor interactions through a reduction in variables tested and careful selection of compositions tested.
Summary
The effect of fifteen volatile impurities on the apparent porosity and mineralogy of the plutonium ceramic form were investigated. The impurities were added singly to three compositions. First using cerium as a surrogate for both plutonium and uranium and then only as a surrogate for uranium. Archimedes density and x-ray diffraction analysis were used to determine the relative effects of the individual impurities. Subsequent experimentation involved adding all fifteen impurities in different ratios to the target ceramic composition. Impurity compositions used were statistically developed to provide maximum information for the number of compositions investigated. The total amount of the impurities added was 0.8 moles of impurities per mole of plutonium. In all but the final two tests, the plutonium was represented by an equimolar amount of cerium. B203, P205 and M003 all were determined to significantly increase the apparent porosity of the ceramic form. ZnO additions increased the propensity of zirconolite formation.
Large pellets were produced from three impurity compositions to determine the effect of scale on the apparent porosity and mineralogy of the ceramic form. The influence of scale on .
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Two impurity compositions made with plutonium using the target ceramic composition showed little variation in the apparent porosity. The differences in the mineralogy were consistent with those seen with undoped ceramic forms (i.e. perovskite in cerium pellets and brannerite in plutonium pellets).
The mineralogy of the pyrochlore based ceramic form is tolerant of a broad range of impurities. Fifteen volatile impurities were added individually and concurrently to the ceramic form composition. In the actinide compositions tested that were made with cerium as a surrogate for plutonium, there was no x-ray diffi-action evidence of objectionable quantities of secondary phases as specified in Reference 1. The apparent porosity of the ceramic form is somewhat sensitive to multiple impurity additions. In this study, apparent porosity is used as an indication of sintering effects. Densification, as measured by apparent porosity, was significantly affected by eleven of the fifteen impurities. Several two-factor interactions were significant in either increasing or decreasing the apparent porosity of the ceramic. However, the data were not sufficient for a definitive assessment of the importance of the interactions
Future Work
The results of this study will be incorporated with the results fkom the other participating laboratories to filfill Plutonium Immobilization Program milestone 3.3-1. The fiiure work put forward from these results include:
Develop representative compositions, based upon current knowledge of the plutonium -feed specifications, for each of the impurity categories that were developed from impurity equivalency testing.
Develop a statistically designed series of experiments to determine interactions among the impurity categories and the subsequent effect on apparent porosity and phase assemblage.
Produce small non-radioactive pellets (SRTC), fill-scale non-radioactive pucks (SRTC-CPTF), small Pu-U pellets (SRTC), fill-scale Cc-U pucks (LLNL), and select fill scale Pu-U pucks (LLNL-PuCTF).
Perform quantitative microscopic analysis of the phases formed in select impurity compositions fi-omthe experimental design.
Use results to provide input into the Product Control Model.
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NTRODUCTION
Approximately 18 of the 50 metric tons of plutonium identified for disposition contain significant quantities of impurities. A ceramic waste form is the chosen option for immobilization of the excess plutonium. The compositions and the amounts of impurities to be examined were set by the Lawrence Livermore National Laboratory (LLNL) Technical Lead for Form Development, Bart Ebbinghaus, as shown in Appendix I. Table I lists the three compositions* that will be used in the impurity study. These compositions will be the base compositions to which the impurities will be added. Cerium oxide is used as the surrogate for uranium oxide and plutonium oxide for the non-radioactive surrogate work. In future experiments, cerium oxide will be used only as a surrogate for plutonium oxide for the radioactive surrogate experiments. A select subset of these compositions maybe prepared using both uranium oxide and plutonium oxide. 100.00 100.00
q AO is the baseline formulation and targets the preferred composition. The "Cc" designation indicates a ceria substitution for plutonium oxide on a molar basis. B3-7 is a compositional extreme that targets a zirconolite-rich primary phase and uses ceria as a surrogate for plutonium oxide on a molar basis. B3-8 is a compositional extreme that targets a branneriterich primary phase and, like B3-7, uses ceria as a surrogate for plutonium.
tfie~~/s** desi~ation indicates a ceria substitution for uranium oxide on a molar basis.
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EXPERIMENTAL
For each of the three base compositions, sufficient powder was produced following GTPU-3-005, Rev. O to make three pellets for each of the fifteen impurities added individually in each composition. Three pellets also were made with no impurities added to provide a reference apparent porosity and x-ray diffraction pattern. This resulted in 48 pellets for each of the three base compositions (3 pellets x (15 impurities + 1 base)). To make three pellets with a single impurity, 6.5 grams of the base powder was weighed out and set aside. The amount of the impurity was calculated ti-om the mole percent ceria as plutonium oxide in Table I . A small amount of the base powder was co-ground with the impurity using an alumina mortar and pestle. The mixedlground powders were added back to the remnants of the 6.5 grams of base powder and mixed on a roller mill. The mixed powder was divided and used to press three pellets -2 grams each. The pellets were sintered according to GTPU-3-005, Rev. O. Criteria for pellet acceptability have not yet been finalized. Preliminary criteria are an apparent porosity< 10'XO and mineralogy similar to the baseline for that particular composition. The apparent porosity was determined for all pellets using the Archimedes method. The mineralogy was determined for one pellet from each impurity composition using x-ray diffraction. If an impurity composition did not satisfy both of the preliminary acceptance criteria, the samples were remade with a reduced amount of the impurity. This was repeated until both of the preliminary acceptance criteria were satisfied. Table H shows the amount of each impurity added individually that can be incorporated into each of the three compositions while satisfying the preliminary acceptance criteria. 0.6 0.6 0.6 I It is expected that the range of occurrence of any of the impurity materials will range from 0-0.6 mol per mol of plutonium. There is the ability to produce .50-60 unique impurity combinations for each of the three base compositions. The data for the maxima have already been generated.
CONCLUSIONS
Based upon the results obtained, it is requested that the Statistical Consulting Section (SCS) provide an experimental design that can be used to determine if there exist any first-order interactions among the fifteen impurities that influence the preliminary acceptability criteria discussed. An additional constraint for the multiple impurity samples is the maximum of 0.6 moles of total impurity per mol of plutonium. It is understood that to determine the extrema, orderly additions and subtractions of impurities were made and that the circumstances under which the samples were produced (using various personnel over a considerable time period) may provide additional uncertainty to the results.
INTRODUCTION
A task technical and quality assurance (TT&QA) plan volatile species, a subtask of the impurity task of for the evaluation of the plutonium (Pu) immobilization form development prograrn~has-been issued [1] . fiis subtask'ht wo major phases: the fwst phase involves the investigation of the impurities separately in the waste form and the second phase the effects of multiple impurities and their potential interactions on the properties of the waste form.
The Statistical Consulting Section is responsible for developing the test matrix for the second phase study. This memorandum is in response to the request for this test matrix [2] .
DLSCUSS1ON
There are three base compositions that are to be used in the impurity studies (these compositions are designated as AO/Ce/s, B3-7s, and B3-8), and the impurities are to be tested for each of these compositions [2] . The results of the first phase of testing provide limits on the individual amounts of the impurities (since they were tested separately during that test phase) that can be successfidly incorporated into each of the three compositions while satisfying the preliminary acceptance criteria [2] . Table 1 provides these results (as a ratio of moles of impurity to moles of Pu) for each impurity of interest. The request constrains the total impurity per mole of Pu to be no more than 0.6 mole [2] . Based upon Table 1 , each of the three compositions can tolerate impurities of a single component up to that concentration level (except for B3-7s, which cannot tolerate more than 0.45 mole MoOJ or more than 0.5 mole WOJ per mole of Pu). The objective of the phase 2 study is to investigate the potential for interactions among the impurities that lead to failure of the acceptance criteria at (total) impurity concentrations of less than or equal to 0.6 mole per mole of Pu. However, the number of combinations of impurities tested for any single base composition is to be no more than 60 [2].
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April 6,1999 Page 4 of 7 A combination of impurities that is to be added to one of the base compositions for testing may be considered as a mixture, and the investigation into the relationships between such a mixture and the acceptance criteria may be looked upon as a modeling problem. There are commercially available, statistical software tools to assist in the design and analysis of such problems even when interactions among the components must be explored. To be more specific, algorithms exist that can be used to generate a set of candidate compositions within the impurity-space consisting of these 15 components. Two such programs are SAS/QC@ Sofhvare and JMP@both ilom SAS Institute, Inc. [3, 4] . Computeraided, design-of-experiments routines are also available, which utilize one or more design optimality criteria, to choose a set of points (the design) from the candidate list of points.' Almost all of these computer-aided design routines are model dependent. Once the form of the mixture model is chosen, such as a model relating a response of interest to a linear combination of the mixture components, and a list of candidate design points is specified, a particular design (of a designated size) can be selected from the candidate points that minimizes or maximizes a particular criterion. A final design may be selected from these designs of varying sizes using this same, and/or additional, criterion along with economic considerations.
Once again, these are model-dependent criteria, and a design that is optimal for one model form, for example a linear model, will not necessarily be optimal for another model such as a quadratic model. And it is a quadratic model that is necessary to explore for interactions among the mixture components, and, so, it would be the model form of choice for the impurity study. The size (number of impurity mixtures) necessary to generate the minimum amount of data needed to fit such a model would equal the number of terms to be estimated in the model. A quadratic model covering the impurity-space for these 15 components would () 15 contain = 105 pair-wise interaction terms alone. Add to this the individual 2 terms and such a model would have 120 coefficients that need to be estimated. And this is just for one of the base composition types. Although the data collected from Phase 1 of this study could be used toward the. 120 needed, the amount of additional data required to fit the quadratic model is still prohibitive.
Summarizing, the large number of imp~ties (15) involved in the requested analysis leads to a statistically-driven design's yielding a prohibitively large number of combinations of these impurities for testing. This problem is exacerbated fbrther by t-hepossibility of an outcome for any one of the impurity combinations to be umque to only one of the base compositions (as for the individual impact of MoOS and WO~in Table 1 ). Thus, the acceptability of any combination of impurities must be judged against all three base compositions.
Given that the traditional approach to designing this mixture experiment leads to prohibitively large test matrices, an approach that provides systematic (although somewhat limited) coverage of the impurity-space is offered. This approach requires spiking each of the 15 impurities in turn over a set of three mixture combinations, where all impurities are present at some positive concentration. Thus, there are 15 * 3 =45 combinations to be tested for each base composition,
1
Several optimality criteria are available in the two software programs mentioned above. See references for a complete discussion.
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April 6,1999 Pape 5 of 7 and these combinations are provided in Table 2 . The impurity components are presented as weight percents, and their total equals 105 for each of the 45 combinations. Thus, if 105 grams for each impurity combination were needed, the information in Table 2 provides the number of grams of each impurity that is to be added to achieve the desired amount of each combination.
It is recommended that the mixture combination with each impurity comprising l/15ti of the total (i.e., each at 7 wt% of the total 105) be used as a check "standard" as the combinations of Table 2 are tested against each base composition. The 45 combinations of Table 2 should be tested in a random sequence with the check "standard" being run at the beginning, middle, and end of the testing process for each base composition. This brings the total number of impurity combinations to be tested against each base composition to 48.
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